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ABSTRACT 
Freeze-substitution is based  on rapid freezing of tissues  followed by solution 
("substitution")  of ice at temperatures well below O°C. A  1 to 3 ram. specimen 
was thrown into 3:1 propane-isopentane  cooled  by liquid  nitrogen  to  -175°C. 
(with precautions). The frozen tissue was placed in substituting fluid at  --70°C. 
for 1 week to dissolve ice slowly without distorting tissue structure.  Excess sub- 
stituting  agent  was  washed  out,  and  the  specimen  was  embedded,  sectioned, 
and  stained conventionally. 
For  best  morphological  and  histochemical  preservation,  substituting  fluids 
should  in  general contain  both  chemical fixing agent  and  solvent  for  ice,  e.g., 
1 per cent solutions of osmium tetroxide in acetone, mercuric chloride in ethanol, 
and  picric acid in  ethanol.  Preservation of structure was poorer after substitu- 
tion in solvent alone. Evidence was obtained that the chemical agent fixes tissue 
at  low temperatures.  The chemical mechanisms of fixation are probably  similar 
to those operating at room temperature: new chemical cross-linkages,  which con- 
tain the fixing agent, join tissue constituents together. This process is distinguished 
from denaturation  by pure  solvents. 
Freeze-substitution  has  many  advantages,  particularly  the  preservation  of 
structure  to the limit of resolution with the light microscope, and  the accurate 
localization of  many  soluble and  labile substances. 
Freeze-substitution was described by Simpson in 
1941  as an excellent method of preparing tissue for 
study  in  the  microscope  (40).  A  small  piece  of 
tissue was frozen rapidly,  and  then ice within the 
tissue  was  slowly  dissolved  ("substituted")  in  a 
fluid  solvent,  such  as  ethanol,  at  a  temperature 
well below 0°C. This step depends on the fact that 
ice  is  soluble  in  many  solvents  at  temperatures 
far  below  the melting point of ice. The specimen, 
free of ice and permeated by cold solvent, was then 
brought  to room temperature  and  embedded,  sec- 
tioned and stained in conventional fashion. Several 
modifications  (3-5,  16,  19,  20,  22,  23,  27,  34,  35, 
51) and applications of the technique (2 a, 6, 9-11, 
13, 17, 18, 21, 25, 26, 28, 31, 33, 36, 39, 43-47)  have 
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been  described,  as  well as  a  few  techniques  with 
aspects that resemble freeze-substitution (l, 29, 32, 
50). 
In the present paper  we describe modifications, 
particularly  the  use  of  chemical  fixatives  in  the 
substituting  fluids,  which  improve  the  quality  of 
tissue  preservation  and  make  the  method  more 
versatile.  To  investigate  the  important  variables 
in  the  technique  we  have  worked  mainly  with 
tissues difficult to fix well, and have stained  them 
for highly labile or mobile constituents. 
Tissues.--Most details of our procedure were worked 
out  with  whole  eyes  of  adult  albino  mice.  Whole 
planarians (Dugesia tlgrina) were frozen as they moved 
inside a  droplet of water on a  piece of aluminum  foil. 
Uninfected and virus-infected HeLa cells in tissue cul- 
ture were frozen as monolayers on coverslips, placed in 
the substituting fluid and processed as whole mounts. 
Mouse  brain  infected with  pathogenic  fungi,  and  as- 
sorted  other  tissues  were studied,  as described  in  the 
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text. More than three hundred specimens were exam- 
ined. 
Method.-- 
1. A  beaker of liquid  propane-isopentane (3:1) was 
cooled to --170  ° to --175°C. with liquid nitrogen. 
2.  The tissue specimen was placed on aluminum foil 
and  thrown  into  the  cold  propane-isopentane.  This 
procedure is called "quenching." 
3.  The frozen specimen was transferred to the sub- 
stituting fluid at  --70°C., and stored in a  dry ice chest 
for about a  week.  One per cent solutions of mercuric 
chloride in ethanol, picric acid in ethanol, and osmium 
tetroxide in acetone were the substituting fluids used 
most. 
4.  Mercuric-  and  picric-fixed  specimens  were  al- 
lowed to warm and were washed in solvents at about 
0°C.  Osmic-fixed  tissues  were  washed  in  acetone  at 
--70°C.  before  warming.  Tissues  were  then  cleared, 
embedded, sectioned, and stained in the usual ways. 
In order that the techniques may be used with a mini- 
mum of trial and error,  further details are supplied in 
an Appendix. 
Experimental A nalysis of Freezing and Substitution 
Conditions  of  Freezing.--Size  of  specimen, 
quenching temperature and quenching fluid are the 
major  variables  (5,  40).  Our  best  results  were 
obtained with specimens up to 3 ram. in minimum 
diameter,  though good  results were obtained with 
intact eyes and whole mouse fetuses 5  to  10 mm. 
in  diameter.  Bell's  (4)  mixture  of  propane  and 
isopentane (3 : 1)  at -- 175°C.  (150 specimens) was 
superior to isopentane at -  155°C. (157 specimens). 
Quenching at  -70°C.  (17 specimens) was inferior, 
but  gave  cytological  preservation  adequate  for 
some histochemical purposes. 
Conditions  of  Substitution.--Structure  was 
better preserved following substitution at --70°C. 
than at --25°C.  (31  specimens),  though even the 
latter  gave  generally  better  results  than  conven- 
tional  fixation.  The  advantage  of  keeping  the 
frozen tissue as cold as possible has been attributed 
to  the  low  melting point  of  eutectic  mixtures  in 
tissue (cf.  reference 22 a), to growth of ice crystals 
in tissue, and to devitrification of tissue water (4). 
Another  factor  is  the  high  viscosity  of  concen- 
trated  aqueous  solutions  at  low  temperatures. 
The lower limit of temperature for substitution is, 
of course, determined by the eutectic temperature 
of  water with  the substituting fluid,  and  is prob- 
ably  around  -120°C.  for  acetone  and  the lower 
alcohols. 
Many solvents remain fluid and dissolve ice at low 
temperatures. A 3 gin. lump of ice was suspended within 
350  ml.  of each of  the following solvents at  -50°C., 
and the approximate time for complete solution of the 
ice was observed: methanol, 2 hours; ethanol, acetone, 
methyl  cellosolve,  10  to  15  hours;  Carnoy's alcohol- 
chloroform-acetic  mixture,  2  days;  normal  butanol, 
2 weeks.  We used mainly ethanol and acetone as sub- 
stituting fluids.  Formaldehyde forms a  solid  polymer 
in the cold and was little studied. 
We  observed  the  extent  of  penetration  of  cold 
ethanol  containing eosin  into 3  gm.  pieces of  frozen 
kidney and brain; the rate of substitution at  --70°C. 
was about 0.5 mm. per day, measured inward from the 
surface of the tissue. Thus the ice in a portion of tissue 
3 mm. in diameter is completely dissolved in less than a 
week. 
Crystals (presumably ice)  form in 80 per cent w/w 
ethanol at  --75°C. This fluid  is worthless for substitu- 
tion at this temperature, since it does not dissolve ice. 
If one uses a  volume of 100 per cent ethanol at least 20 
times the volume of the tissue, the final concentration 
of ethanol will be no lower than 95 per  cent and ade- 
quate for substitution at  --75°C.  In practice we used 
volumes  of all  solvents at  least  100  times the  tissue 
volume. For certain solvents, such as butangl and ether, 
a very large volume of solvent and a prolonged time of 
substitution are indicated. 
Use  9f Fixatives.--Even  under optimal  condi- 
tions,  substitution  in  pure  solvents  gave  poorer 
preservation  of  structure  than  substitution  in 
solvent  containing  a  fixing  agent.  This  variable 
was  the  major  subject  of  our  investigation,  and 
our observations are described under Results. 
Most  investigators  have  used  pure  non-aqueous 
solvents  as  substituting  fluids.  Thus  the  specimens 
were relatively unfixed even when embedded in paraffin, 
and elements of the unfixed tissue dissolved or became 
distorted in water during mounting or staining. Fixing 
has  been  performed at  various  stages of  the  freeze- 
substitution procedure  in  an  attempt  to  avoid  these 
artifacts. 
Lison  (28)  recognized  the  importance  of  fixation 
during  substitution and  used  Gendre's fixative as  a 
substituting fluid to preserve glycogen (see also Baud, 
(3); and references 19,  25, 39, 44).  Lillle (25)  used  a 
prolonged time of substitution (10 to 14 days) in alco- 
holic fixatives at  --25°C.; fixation may have occurred 
gradually. Woods and Pollister (51) placed frozen tissue 
in ethanol at --41°C. to --45°C., and after substitution, 
transferred the tissue to a second fluid which acted as a 
fixative  at  room  temperature  or  above.  Freed  (20), 
Deitch  and  Godman  (18),  and  others  (22,  34,  40) 
achieved good results by similar methods. Hancox (23) 
floated the paraffin ribbon on 85 per cent ethanol in- 
stead  of water to  reduce distortion in  butanol-substi- 
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We  consider  that  the  fixing agent  in  the  sub- 
stituting fluid does fix at --70°C. and not subse- 
quently when the specimen is warmed. In support 
of this it was found that tissues appeared equally 
well preserved when the chemical fixing agent was 
washed  out with pure  solvent either at low  tem- 
perature  or  room  temperature.  This  result  was 
obtained  with  many  different  tissues,  fixatives, 
solvents, and substitution temperatures  (50 speci- 
mens). The  same conclusion is supported  by  the 
results  of  model  experiments. 
Plasma was mixed with twice its volume of ethylene 
glycol and cooled to  --45°C. Three per cent solutions 
of mercuric chloride,  picric acid, sodium chloride,  and 
ammonium sulfate in 2:1  ethylene glycol-water were 
cooled  to the same temperature. Each of the latter 4 
solutions was mixed with half its volume of the plasma 
mixture.  Mercuric chloride and picric acid  each  im- 
mediately  formed  copious  precipitates  with  plasma 
at  -45°C. and the precipitates persisted on warming 
to room temperature 5 minutes later. Sodium chloride 
and  ammonium sulfate  formed  a  barely  perceptible 
cloudiness at  --45°C., which dissolved when the mix- 
ture was warmed to room temperature. 
Finally, solid oleic acid and other reactive materials 
darken after a few days in osmium tetroxide in acetone 
at -- 70°C. 
We next sought to determine at what  stage  of 
processing  a  tissue  becomes  distorted  after  sub- 
stitution in pure solvent containing no fixing agent. 
A  frozen  eye  was  placed  in  absolute  ethanol  at 
-70°C.  and  after  substitution  was  transferred  to 
chloroform at  --25°C., brought to room temperature, 
placed in xylene, and embedded in paraffin. As expected, 
the sections showed imperfect preservation of structure. 
However,  the  tissue could be made to "recover." The 
paraffin block containing the unsectioned remainder of 
the eye was dissolved  in xylene. The eye was brought 
through  a  series  of  non-aqueous  solvents  to  pure 
ethanol  at  --70°C.  and  then  to  ethanol  containing 
mercuric chloride at  --70°C. The specimen next was 
taken through a  series  of solvents to xylene at room 
temperature  and  was  again  embedded  in  paraffin. 
Sections of  the  eye  at  this  point  showed  very good 
preservation of structure, significantly better than that 
of the sections cut from the same eye before its exposure 
to fixative. 
Thus substitution is a process distinct and sepa- 
rable from fixation. Solvents alone do not fix tissues 
well  at  very  low  temperatures  or  even  at  room 
temperature. However, many conventional chemi- 
cal fixing agents, if  dissolved  in  the  substituting 
solvent, can effect  good fixation of tissue and, in 
fact, act as fixatives at low temperatures. 
RESULTS 
Comparison  of  Fixatives  .--Specimens  were 
embedded  in  wax  after  substitution in mercuric 
chloride (61 specimens), picric acid (13 specimens), 
glacial acetic acid (4 specimens), and trichloracetic 
acid  (l  specimen),  each  in  ethanol;  in  osmium 
tetroxide  (24  specimens),  and  chromic  acid  (2 
specimens), each  in acetone; in Carnoy's alcohol- 
chloroform-acetic  mixture  (7  specimens);  and  in 
ethanol alone  (15  specimens).  In  every  instance, 
solvent plus  fixative  was  better  for  preservation 
of structure than solvent alone. 
Pure  ethanol,  methanol,  or  acetone  were  ade- 
quate  for  monolayer  tissue  cultures  and  other 
specimens which did not need to be embedded and 
sectioned. Mammalian retina showed distortion of 
rods and cones, shrunken nuclear layers, and stain- 
ing reactions which suggested loss of some cellular 
components. Liver, a  common test tissue in previ- 
ous  studies,  was  fairly  well  preserved  (2  speci- 
mens). 
Osmium tetroxide proved to be the best fixative 
for preserving relations between cells, the size and 
shape of cells, and their membranes and organelles, 
as far as could be determined with the light micro- 
scope  (Figs.  1 to 3,  11).  Nuclei usually appeared 
optically empty  and possibly  somewhat  swollen. 
The poor penetrating power of osmium tetroxide, 
which restricts its usefulness in conventional fixa- 
tion,  is  not  limiting  in  freeze-substitution;  for 
example, over a period of days the fixative reaches 
and fixes all internal parts of an intact eye (Fig. 1). 
Mercuric chloride and picric acid were found to 
be about equally good. Both preserved intracellular 
organelles,  surface  structures,  and  extracellular 
substances (Figs. 4 to 10, 12 to 18). In most tissues 
nuclei were well preserved (Figs. 5, 7, 8,  12 to 14, 
17,  18).  Glycogen,  soluble  acid  mucopolysac- 
charides  (Fig.  15), ribonucleic acid  (Fig.  16), and 
the argyrophilia of nerve fibers (Fig. 10) were very 
well preserved by both fixatives. 
Other  fixatives  were  used  for  specific  histo- 
chemical purposes,  for example, the acidified alco- 
holic  substituting  fluids  to  preserve  sulfhydryl 
groups of protein. Most of the agents tested proved 
slightly  inferior  to  osmium  tetroxide,  mercuric 
chloride,  or  picric  acid,  but  did  preserve  mor- 
phology well enough for all but the most demand- 
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in  ethanol  were  inferior  (7  specimens,  paraffin- 
embedded). 
Appearance  of Selected Tissues.--Freeze-substi- 
tution preserves tissues considered difficult to fix, 
including retina (Figs. 1 to 3, 5),  testis (Fig. 17), 
brain (Fig. 16), encapsulated fungi (Figs. 12 to 14), 
and young mouse embryos. Some tissues are more 
difficult to fix than others; artifactitious vacuoles 
are  seen  more  commonly  in  brain,  for  example, 
than  in  specimens of comparable size from most 
other organs. 
Structural  integrity  is  maintained  over  large 
areas of tissue with our method  (Figs.  1,  5  to  7, 
9,  10, 17), whereas other methods of freeze-substi- 
tution  and  freeze-drying  usually  preserve  only 
small areas intact. 
The  most delicate and  the finest structures re- 
solvable with  the light microscope are preserved, 
for  example,  mitochondria  (Fig.  8),  complex 
synapses (Fig. 2; see also Ladman (24)), fine fibrils 
in the interstitial zone of the retina (Fig. 3), and 
the brush border overlying a  dividing cell in epi- 
didymis  (Fig.  18).  Nuclear shapes  (Fig.  18)  and 
the arrangement of chromosomes in dividing cells 
(Figs. 17 and  18)  are usually apparent.  However, 
in retina the nuclei sometimes appear distorted or 
vacuolated  even  when  other  structures  are  well 
preserved. 
As we have described above, fixing agents in the 
substituting  fluids  penetrate  tissue  readily  at 
--70°C.  Osmium  tetroxide  reaches  and  fixes  all 
tissues of intact eyes (Figs. 1 to 3) and penetrates 
the  slimy  cuticle  of  intact planarians  (Fig.  11). 
Even the thick polysaccharide capsule of the patho- 
genic fungus,  Cryptococcus neoformans, is no bar- 
rier to fixing agents (Fig. 12). A nucleus is seen in 
almost every fungus cell (Figs. 12 to 14), whereas 
after conventional fixation, preservation of struc- 
tures enclosed within the capsule is poor. The exist- 
ence of a  nucleus in this organism has not previ- 
ously been reported, to our knowledge. 
A  wider  range  of  staining  techniques  can  be 
used after  freeze-substitution with a  fixing agent 
than  after  conventional  fixation  with  the  same 
agent. For example, after substitution in mercuric 
chloride  in  ethanol,  tissues  have  been  stained 
with  the  periodic acid-Schiff method  for  carbo- 
hydrates (Figs. 17  and  18), the Feulgen stain for 
desoxyribonucleic acid (Figs.  12  to  14),  toluidine 
blue  for  ribonucleic  acid  (Fig.  16)  and  meta- 
chromasy  (Fig.  15),  silver stains for nerve fibers 
(Fig.  10),  iron  hematoxylin  (Figs.  9  and  18),  a 
simple triple acid stain for mitochondria (Figs. 6 
and 8) and other stains. 
Contractile tissues often shorten during conven- 
tional fixation, but  remain extended after  freeze.. 
substitution (Figs. 9 to 11). 
DISCUSSION 
Quick freezing is a  hundred  or more  times  as 
fast as fixation at room temperature in immobiliz- 
ing the constituents of living tissue (15). This ex- 
tremely quick action, which arrests vital processes 
and minimizes autolytic and other agonal changes, 
is responsible for much of the superiority of freeze- 
substitution and  freeze-drying over conventional 
fixation. 
After freezing,  the  tissue constituents are held 
within a rigid matrix of ice, and their immobiliza- 
tion depends on the presence of the ice. When the 
ice  melts,  soluble or  flexible constituents  are  no 
longer  restrained  and  may  be  displaced rapidly. 
Frozen tissue may be sectioned in a  cryostat, but 
ice sections poorly, and further, the frozen section 
must  generally be  thawed  before examination in 
the  microscope.  To  circumvent  these  difficulties 
ice  can  be  removed  without  melting,  either  by 
vacuum-sublimation  at  low  temperature,  as  in 
freeze-drying, or  by solution in a  cold solvent, as 
in freeze-substitution. 
After removal of ice by cold solvent, many tissue 
constituents remain in their in vivo positions. Ex- 
treme cold in itself makes many organic materials 
stiffen, through an increase in van der Waals forces 
and hydrogen bonding. Also the substituting sol- 
vent, depending on its polarity, may prevent move- 
ment of tissue constituents; for example, albumin 
is insoluble in relatively non-polar solvents. How- 
ever,  the  restraining influences of  both  cold and 
solvent  are  reversible.  A  more  permanent  im- 
mobilization of tissue constituents follows the in- 
troduction of  certain  fixing agents  into  the  sub- 
stituting fluid. 
Briefly, all fixing agents act mainly by introduc- 
ing  new  cross-linkages between  and  within  the 
molecules of tissue constituents, thus immobilizing 
the constituents and making them solid, insoluble, 
and  stiff. These  properties 6t  tissue  constituents 
after  fixation are  the  properties of  highly  cross- 
linked polymers in general (7, 49). 
Histological fixatives,  as  used  conventionally, 
may be placed in two categories: chemical fixatives, 
such  as  formalin,  mercuric  chloride,  and  some 
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such as heat, alcohol (especially hot alcohol), and 
acetone. 
Chemical fixatives act on proteins predominantly 
by combining with them to form cross-linkages in 
which the fixing agent itself appears in the cross- 
linkage  (8,  38,  49).  Commonly the  bonds in  the 
cross-linkages  are  strong  covalent or  coordinate 
bonds.  The  over-all configuration of  the  protein 
molecule is not necessarily altered. We have shown 
that some chemical agents can fix protein even at 
temperatures far below 0°C. 
Physical fixatives, in  contrast,  are  said  to  de- 
nature protein (37). The configuration of the pro- 
tein  molecule  changes,  existing  weak  bonds  are 
broken, and new weak cross-linkages (maintained 
by  van  der  Waals  forces,  hydrogen  bonds  and 
some ionic bonds) are formed between and within 
protein molecules. The fixative does not combine 
with  the protein. The  number  of covalent bonds 
introduced or broken (with mild or moderate de- 
naturation) is thought to be small. It appears use- 
ful to distinguish denatured protein, in which the 
skeleton of covalent bonds is spatially distorted, 
from chemically fixed protein, which may retain a 
virtually native shape. Proteins can be recovered 
in a  native state after exposure to cold alcohol or 
acetone  (14,  32);  these  agents  are  probably  in- 
effective as  denaturants  at  temperatures  around 
-- 70°C. Proteins are probably both denatured and 
chemically fixed by most conventional fixatives at 
room temperature. 
Some of these general aspects of fixation apply 
as well to other tissue polymers like nucleic acids 
and  polysaccharides,  and  also  to  low  molecular 
weight substances. Many lipides, for example, can 
be immobilized by using polar solvents for substi- 
tution, or can be rendered insoluble in fat solvents 
by treatment with chromates or osmium tetroxide. 
These agents probably alter the lipide chemically 
and  make  it  more  polar,  or  cross-link  certain 
lipides to each other and to high molecular weight 
substances (48, 49). 
What determines the choice of substituting fluid? 
As noted, tissue constituents retain many of their 
native properties after exposure to a pure solvent 
not containing a chemical fixing agent. Even after 
embedding, autolytic enzymes remain active, for 
example (10). This state of slight or partial fixation 
may be desirable for some purposes, such as enzyme 
histochemistry (2 a). Here the problem of fixation is 
especially difficult, for  the fixing processes which 
lead to immobilization may at  the same time be 
destroying the only specific attribute by which the 
enzyme can be recognized, its ability to react with 
substrate. Thus one may deliberately fix the tissue 
only  partially,  preserving  enzyme  activity  but 
sacrificing some immobilization of tissue constitu- 
ents including that of the enzyme itself. However, 
for most histochemical studies after freeze-drying 
or freeze-substitution, the specimen must be fixed. 
Our general procedure of choice, as described in 
this paper, is to fix during substitution by includ- 
ing  a  chemical  fixing  agent  in  the  substituting 
fluid. There are several reasons for preferring this 
procedure  to  freeze-drying  followed by  fixation. 
(a) In the freeze-drying  procedure, the frozen tissue 
is dried and then  immersed in a  liquid. A  liquid- 
gas  interface  sweeps  through  the  specimen  and 
exerts large forces on delicate structures (cf.  refer- 
ence 2). The transitions during freeze-substitution 
are probably far  gentler.  (b)  We have  presented 
the advantages of very low temperatures for im- 
mobilization  of  tissue  constituents  within  the 
frozen specimen  (p.  594).  At these low tempera- 
tures,  substitution can  be carried out  more  con- 
venienfly than vacuum-sublimation. (c)  In freeze- 
drying, the route to the fixing solvent is circuitous, 
time-consuming  ,  and  inconvenient.  Also,  freeze- 
substitution is the less expensive procedure. 
A further advantage of freeze-substitution is its 
versatility.  Certain  highly  soluble,  polar,  low 
molecular  weight  substances  (e.g.,  some  salts, 
sugars,  amino acids)  might dissolve in  the  usual 
substituting  fluids. However,  one  may  choose  a 
substituting fluid which contains a specific precipi- 
tant for the substance to be demonstrated. Thus 
Russell, Sanders, and Bishop (39)  used basic lead 
acetate  in  ethanol  as  a  substituting  fluid  when 
studying  phosphate  localization  by  autoradio- 
graphic techniques (see also reference 44). Further, 
a  substituting  medium  may  be  chosen  in  which 
the  sought-for  substance  is  insoluble.  Normal 
butanol or ether, which are significantly less polar 
solvents than  ethanol, might be useful for reten- 
tion  of  salts and  other  highly  polar  substances. 
Tissue lipides, at the other extreme, are preserved 
best after substitution in  very polar fluids, such 
as concentrated aqueous salt solutions. 
We have described and illustrated examples of 
the  efficacy of  our  freeze-substitution procedure 
in fixing tissue constituents not immobilized well 
by conventional means. Soluble materials, probably 
acid mucopolysaccharides, in the interstitial zone 
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preserved  with  regularity.  Contractile  elements, 
such  as  planarian  subepidermal  muscle,  remain 
extended and undistorted. 
A  variety of staining procedures can be applied 
to sections from one piece of tissue when a  fixing 
agent  is  used  for  substitution.  This  may  not  be 
true  after  conventional  fixation  with  the  same 
agent. For example, both mitochondria and glyco- 
gen are well preserved and easily stained in tissue 
after substitution in  ethanol containing mercuric 
chloride.  This  versatility  extends to  many  other 
tissue  constituents and  staining procedures after 
freeze-substitution. It is also worth noting that in 
the results described above, conventional staining 
procedures were used without modification. 
Thus, freeze-substitution is capable of preserv- 
ing  structure  to  the  limit  of  resolution with  the 
light microscope, and allows the preservation and 
demonstration  of  a  wide  range  of  tissue  con- 
stituents. 
Appendix 
Special Reagents.--(a)  Liquid  nitrogen;  10  liters is 
ample for a day's freezing. (b) Isopentane (2-methylbu- 
tane,  practical  grade,  Eastman  Organic  Chemicals, 
Rochester,  New York).  (c)  Propane;  12  fluid  ounce 
cylinders, with removable outlet and needle valve, are 
available in retail hardware stores for "propane torches." 
(This"propane" is a mixture containing other petroleum 
derivatives which  might  interfere  with  some  histo- 
chemical studies, and which darken osmium tetroxide 
solutions.) 
Special  Apparatus.--(a)  Two  wide  mouth,  pyrex 
glass Dewar flasks, 2 quarts capacity (Fisher Scientific 
Co., New York, No. 10-197  or equivalent) and one or 
two of about one-half quart capacity were used. Flasks 
were  taped  to  guard  against  flying glass  in  case  of 
implosion. (b)  Standard 2 to  16 ounce glass specimen 
jars  are  useful  as  containers  for  substituting  fluids. 
(c) One ounce bottles with ground glass stoppers were 
used  to  contain  osmium  tetroxide  and other  highly 
reactive solutions. These bottles in turn were enclosed 
in screw cap jars.  (d)  Dry ice chest.  Temperature  of 
objects stored under fragmented blocks of dry ice was 
--65°C.  to  --77°C.;  temperature  of  substitution  is 
described as --70  ° in the text. Jars were kept in boxes 
at the bottom of the chest to avoid tipping. (e) We used 
insulating  mats  of  1  inch  thick  polystyrene  foam 
(styrofoam,  Dow  Chemical  Co.,  Midland,  Michigan, 
obtained from a  plastics retailer) to support containers 
removed from the dry ice chest.  (f)  Low temperature 
thermometers,  with  ranges  --200  to  +30°C.,  and 
--100 to +50°C. are needed. (g) Goggles or face shield 
should be available. 
Obtaining Liquid Propane.--A  1000 ml. pyrex glass 
beaker was suspended by its rim in a large Dewar flask 
containing about 400 ml. of liquid nitrogen, an amount 
which just reaches the bottom of the beaker. Propane 
gas from the cylinder (standing in lukewarm water) was 
passed through a 4 to 5 foot length of 8/~6 inch plastic 
tubing. The midportion of the tubing was immersed in 
liquid nitrogen. The liquefied propane dripped from the 
open  end  of the  tubing into  the precooled  1000 ml. 
beaker. About 200 ml. of liquid propane was collected 
during  10  to  15  minutes.  (The plastic tubing was set 
aside  and  allowed  to  warm  to  room  temperature.) 
Seventy-five ml. of isopentane was slowly added to the 
cold propane. The temperature of the quenching fluid 
was kept  near  --170°C.  by  shuttling the beaker  be- 
tween two large Dewar flasks,  one containing enough 
liquid nitrogen to bathe the beaker and one with less. 
The temperature of the propane or of the 3:1 propane- 
isopentane mixture  was  not  permitted  to  fall  below 
-- 175°C. (See Precautions.) 
Freezing  and  Substituting  Procedures.--(a)  The 
tissue was excised quickly, placed  on  a  one-half cm. 
scrap of thin aluminum foil, and thrown into the cold 
propane-isopentane, stirred vigorously with a  12  inch 
ruler.  (b)  We  held the beaker of  propane-isopentane 
above a mirror laid flat on the table, and removed the 
frozen specimen for transfer to  the substituting fluid 
with a precooled perforated spoon or very long forceps, 
while watching the specimen in the mirror. The spoon 
was made of metal screening fastened with wire to a 
wooden  rod.  (c)  Jars  of  substituting fluid,  removed 
from the dry ice chest for transfer of a  specimen, were 
placed on a styrofoam mat. A 2 ounce jar of ethanol at 
-70°C.  placed  on  styrofoam  at  room  temperature 
warms at about 3°C. per minute, a 16 ounce jar at about 
I°C. per minute. (d)  Substituting fluids such as 1 per 
cent  solutions of  mercuric chloride  or  picric  acid  in 
ethanol were prepared at room temperature and cooled. 
Aluminum foil was usually removed within a few hours 
to avoid corrosion of the foil by mercuric chloride. Since 
osmium tetroxide and chromic oxide both react with 
acetone at room temperature, we prepared 1 per cent 
solutions of these agents in acetoneprecooled  to -- 70°C. 
Osmium tetroxide solutions remain almost colorless for 
months at -- 70°C. (e) Tissue specimens  of the usual size 
were placed in a  2  ounce jar  of substituting fluid  at 
-70°C. for about a week, larger specimens for longer 
periods and in larger volumes. (f) After substitution, the 
jar  with  substituting  fluid  and  specimen was  trans- 
ferred to the refrigerator, and the specimen was washed 
for 12 hours or more in 3 changes of ethanol (or other 
solvent), placed in chloroform for 6 to 12 hours to ex- 
tract remaining traces of water, brought to room tem- 
perature, transferred to xylene or a  similar agent for 
about an hour, and embedded in paraffin. Alternatively, 
specimens  were  embedded  in  polyester  wax  (41). 
Specimens in osmic- or chromic-containing fluids were 
washed in 2 or 3 changes of acetone at --70°C. to avoid 
the reaction of fixative with solvent at room tempera- 
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Precautions.--Propane  and  isopentane  are  very 
flammable,  and  form  mixtures  with  liquid  oxygen 
which may explode on mere grinding  or impact  (30). 
Two  precautions  should  be  observed.  First,  liquid 
nitrogen may contain oxygen condensed in it from the 
atmosphere;  if  propane  or  isopentane  are  accidently 
mixed with liquid nitrogen,  the vessel containing the 
mixture should  be placed  on  the  table  top  until  the 
nitrogen boils off. Second, oxygencondenses very rapidly 
in the propane-isopentane itself when its temperature 
falls  below  --183°C.  We  keep  the  quenching  fluid 
warmer than  --175°C. Two signs that  the quenching 
fluid is  enriched  with  oxygen are  the  appearance  of 
liquid oxygen as a  second phase  at  the bottom of the 
beaker (42), and a "boiling" of the quenching fluid as it 
warms to --175°C., due to the liberation of condensed 
oxygen. A low temperature thermometer is an essential 
monitor if one uses liquid nitrogen to cool flammable 
substances. 
Liquid nitrogen is discarded  by  pouring  it on  the 
floor.  Quenching  fluids  are  discarded  on  the  ground 
outdoors, not in the sink where their heavy vapors may 
persist for hours.  (The propane-isopentane should not 
be stored in the dry ice chest because dissolved carbon 
dioxide interferes with rapid quenching.)  Cold osmium 
tetroxide  and  chromic  acid  solutions  in  acetone  are 
discarded  by  pouring  them  very cautiously,  without 
rewarming,  into  a  large  volume  of  water  at  room 
temperature. 
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EXPLANATION OF PLATES 602  FIXATION BY  FREEZE-SUBSTITUTION 
PLATE  282 
All tissues were embedded in paraffin and sectioned at 5/~ unless otherwise noted. The mouse eyes were em- 
bedded and sectioned intact. 
FIG.  1. Retina of albino mouse. Substitution at  --70  ° C. in acetone containing 1 per cent osmium tetroxide. 
No shrinkage spaces are seen among the retinal cells. The rod outer segments (o) are undistorted. Blood vessels 
are patent.  Structures appearing most dense are  the rod outer segments (o),  the rod-bipolar cell  synapses (s) 
and red blood cells.  Phase contrast.  X  450. 
FIG. 2. Detail of right third of the synaptic region of Fig. 1. Rod-bipolar synapses (arrows)  are each composed 
of a central oval-shaped osmiophilic core surrounded in turn by a relatively clear zone and a dense marginal zone. 
The marginal component often appears continuous with a  dense line extending toward the bipolar layer. Phase 
contrast. X  2000. 
FIG. 3.  Retina of albino mouse, prepared as material shown in Fig.  1.  Pigment epithelial cells and rod outer 
segments are shown. Dense granules (g) of variable size are seen in the apical halves of the cytoplasm of the pig- 
ment ceils. A fibrillar material (arrows)  represents either a microvillous border of the pigment cell or a component 
of the interstitial substance between pigment cells  and rod outer segments. Homogeneous material  (m)  of low 
optical density fills almost all the space between pigment cells and rods, and extends along the rod outer seg- 
ments. Phase contrast.  X  2000. 
Fio. 4. Planarian eye. Substitution at -70°C. in ethanol containing 5 per cent picric acid. Periodic acid-Schiff 
(PAS) stain, picric acid and hematoxylin counterstains. The eye is composed of a pigmented cup enclosing photo- 
receptive elements. The photoreceptive region (arrow)  of each cell is moderately PAS-positive and appears stri- 
ated in a direction parallel to the light path. A PAS-negative zone tapers laterally from each photoreceptive  element 
toward the photoreceptor cell nuclei,  which lie lateral to the eye at the right side of the picture.  X  1100. 
FIG. 5.  Retina of albino mouse. Substitution at  --70°C. in ethanol containing 5 per cent mercuric chloride. 
Cason's rapid variant of Mallory's triple acid stain (12). A blue-staining interstitial material (arrow)  is preserved 
between pigment cells and rods. The red-staining rod outer segments are straight, uniform in diameter, and ap- 
parently homogeneous. Rod  inner segments (i)  stain deep red.  Nuclei are normal in shape and  arrangement, 
and the structure of the rod-bipolar cell synapse (s) is discernible. The well preserved lens capsule (c) is seen at 
the upper right.  X  450. THE  JOURNAL  OF 
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All specimens were placed for substitution at  --70°C. in ethanol containing 5 per cent mercuric chloride, and 
were stained with Cason's rapid variant of Mallory's triple acid stain (12). 
Fro.  6.  Kidney of adult mouse. Few artifacts in the arrangement of tubules are to be seen. Brilliantly red- 
stained mitochondria fill the cytoplasm in cells of all renal elements. The lumina of the proximal convoluted tu- 
bules are virtually filled by the pale blue-stained brush borders of the tubule cells, while farther distally the uri- 
nary channels become more patent.  Embedded in polyester wax, sectioned at  2  t~.  X  400. 
FIG. 7. Pancreas of 20 gm. male albino mouse, injected intraperitoneally with 2 mg. pilocarpine 5 hours earlier. 
The tissue is compact. Zymogen granules, stained deep red, fill the apices of many acinar cells. Nuclei and nu- 
cleoli are distinct. The large islet of Langerhans on the left Contains  two general classes of ceils, one with cyto- 
plasm containing pale blue-staining granules and the other with cytoplasm almost free of granules.  Sectioned 
at  3  ~.  ×  550. 
FIG. 8. Another area of the section shown in Fig. 6. Mitochondria in cells of the proximal convoluted tubules 
appear as elongate rods arranged nearly parallel to each other and at right angles to the base of the cell. In cells 
of the distal convoluted tubule,  mitochondria appear almost spherical.  >(  1300. THE  JOURNAL  OF 
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FIO. 9. Tongue muscle of the mouse. Substitution at -  70°C. in ethanol containing 1 per cent mercuric chloride. 
Stained with iron hematoxylin. The muscle bundles are normally extended and show their characteristic cross- 
striations. ×  400. 
FIO. 10. Another section of the specimen shown in Fig, 9.  Stained with Bodian's silver method. Fascicles of 
nerve fibers running parallel to the epithelial surface are seen at  the lower right. Individual nerve fibers turn 
at right angles to the surface and course along the bundles of skeletal muscle (arrows). X  150. 
Fio. 11. Subepidermal muscle of the planarian, Dugesia tigrina. Substitution in acetone containing 1 per cent 
osmium tetroxide. The section is cut tangential to the ventral surface of the animal, and passes obliquely through 
the epidermis at the top and bottom of the picture. The muscle bands are organized into four sets, one trans- 
verse, one longitudinal, and  two oblique, oriented along four intersecting axes arranged with octagonal sym- 
metry. Phase contrast.  X  300. THE  JOURNAL  OF 
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All specimens were placed for substitution at  --70°C. in ethanol containing 5 per cent mercuric chloride. 
FIG. 12. Meninges of a  mouse infected experimentally with the fungus, Cryptococcus neoformans, strain 1148. 
(Tissue kindly provided by Dr.  C.  W.  Emmons, National Institutes of Health, Bethesda, Maryland.)  Feulgen 
stain, fast green FCF counterstain. The fungus cell has an eccentric nucleus (n) lying just within the cytoplasmic 
membrane, and a  thick unstained capsule (arrow), which is outlined by the darker surrounding tissue. The nu- 
cleus is less than 1 ~ in diameter, and appears uniformly Feulgempositive. Below the fungus is a heavily stained 
mononuclear leucocyte,  which provides a  comparison of  cell  sizes.  X  2800. 
FIO. 13. Another area of the section shown in Fig. 12. The eccentric nucleus (n) of the fungus is Feulgen-posi- 
tive. The cytoplasm stains with fast green except for a  relatively large, almost unstained cytoplasmic inclusion 
(arrow).  The capsule is not apparent in this and the following  figure.  X  2800. 
FIG. 14. Another area of the section shown in Fig. 12. An eccentric, Feulgen-positive nucleus (arrows)  is seen 
in almost every fungus cell. The nucleus has not previously been demonstrated with certainty in this organism, 
presumably because of its small size and poor preservation by routine methods of fixation. X  1000. 
FIG. 15. Taste bud on a lateral barbel of the catfish, Ameiurus nebulosus. Stained with 0.05 per cent toluidine 
blue in water, dehydrated in ethanol, and mounted in permount. The midzone (m)  between the external pore 
and the nuclei of the taste bud appears metachromatic. The two or three epidermal cells on either side of the 
taste pore show intense cytoplasmic metachromasy and other epidermal cells show weak cytoplasmic metachro- 
masy. X  550. 
FIG.  16. Hindbrain of an adult mouse. Stained with toluidine blue. The medulla, pons, and cerebellum were 
frozen and substituted as one intact block. Neurons deep within the block show accurate preservation of cell 
shapes, no  shrinkage artifacts and  rich Concentrations of Nissl substance.  X  400. 
FIG.  17. Testis of mouse. Periodic acid-Schiff stain, picric acid and  hematoxylin counterstains. Large areas 
of the testis show morphological integrity. In the seminiferous tubules, both meiotic figures and  the PAS-posi- 
tive caps (arrows)  on the spermatids are well  preserved. ×  450. 
FIG.  18.  Epididymis of mouse. Periodic acid-Schiff stain,  iron hematoxylin counterstain.  Some nuclei  of  the 
epididymal cells are deeply invaginated on one side (arrow), so that cells may appear binucleate. The finely gran- 
ular cytoplasm contains small PAS-positive granules and larger lipide droplets which are secreted into the lumen. 
The PAS-positive brush border (b) appears continuous even over a cell that has rounded up in mitosis. The lumen 
is filled with sperm cells and fluid.  X  1300. THE  JOURNAL  OF 
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